The overall aim of this project was to relate Ground Penetrating Radar (GPR) to a ballast fouling index (FI).
1. Review the current concept of GPR testing of railway track bed ballast; 2. Review the knowledge base of the dielectric properties of railway ballast; and, 3. Present new methods of analysis for assessing ballast fouling of railway track bed using Ground Penetrating radar (GPR).
PRINCIPLES OF GPR
Ground Penetrating Radar (GPR) is a geophysical imaging method based on measuring reflected electromagnetic (EM) waves transmitted in the form of radar pulses in the microwave band of the radio spectrum (UHF/VHF frequencies). A transmitting di-pole antenna radiates EM pulses into the ground and a receiving di-pole antenna measures variations in the reflected signal in a time domain profile. Reflections occur as the signal moves through heterogeneous material interfaces between two media of differing dielectric properties.
Small-scale heterogeneities, or changes in dielectric impedance, generate weak or undetectable responses but attenuate energy as the signal passes due to scattering (Annan, 2008) . Scattering losses are frequency dependant -they increase as the frequency increases. GPR has become well established for testing of concrete (Bungey & Millard, 1993) (Soutsos, Bungey, Millard, Shaw, & Patterson, 2001 ) (Forde & McCavitt, 1993) .
These interface reflections give responses from which the underground structural profile can be inferred. This can be seen in Figure 1 , where a diagram of a railway profile (left hand side of the diagram) is matched against a typical radar line scan response profile (middle), and the combination of several scans produce an underground radar profile (right). Due to its layered nature, GPR is ideally suited for railway applications, with the possibility of data being collected at high speeds (Clark, Gordon, & Forde, 2004) .
Figure 1 Generation of a GPR profile 2.1 GPR in Railways
Much of the work in the field of using GPR in railways has concentrated on monitoring the layering of the subsurface; there has been little work in attempting to determine track condition. GPR has been found to be useful in determining the layering profile of track substructure and areas of high moisture content within it; such areas produce stronger reflections (Dolphin, Beatty, & Tanzi, 1978) and water pockets can also be detected (Zarembski, 1988) .
One field study found that by making the broad assumption that the velocity of signal propagation in ballast is 1.4 × 10 8 m/s, that the thickness of the ballast layer could be calculated to an accuracy of 3cm; and some determination of the extent of subsoil penetration into the ballast layer could also be identified (Hugenschmidt, Railway track inspection using GPR, 2000) . Al-Qadi et al (2010) have focused work on optimising the layout of antennas for higher quality data collection.
Historically, spent ballast could only easily be identified visually at the same time as track failure, or, before this, through disruptive and intrusive means. This was thus a reactive regime. However, over the previous decade, ongoing research into GPR testing has changed this: - Investigation of the imaging attributes of railway track formation using ground penetrating radar (Jack & Jackson, 1998) ;
 Development of ballast inspection using ground penetrating radar (Hugenschmidt, Ballast inspection using ground penetrating radar, 1999);
 Investigation of railway track bed deterioration using GPR (Gallagher G. P., 1999) ;
 Evaluation of the electromagnetic properties of railway ballast using GPR (Gallagher G. P., Leiper, Clark, & Forde, 2000) ;
 Analysis of electromagnetic properties of railway ballast (Clark, Gillespie, Kemp, McCann, & Forde, 2001) ; and,  Investigation of issues regarding high-speed non-invasive monitoring of railway track bed (Clark, Gordon, & Forde, 2004) .
Complementary work was undertaken elsewhere by others: - Using a falling weight deflectometer on railway ballast to determine stiffness (Sharpe & Collop, 1998) ;
Consequently, GPR can be used for a qualitative first indication of ballast condition, and also facilitates the better targeting of intrusive and disruptive site investigations (Brough, Stirling, Ghataora, & Madelin, 2003) . It has also been proposed that GPR can be used as a method for track bed quality control by providing continuous ballast depth data (Sharpe, 2000) .
Previous research visually compared ground penetrating radar response signals of variously fouled ballast on a specially constructed 10m long full-scale track bed (Gallagher G. P., Investigation of Railway Trackbed Deterioration using Ground Penetrating Radar, 1999) . This work proved effective, as the EM velocity through clean ballast is higher than that through spent ballast. The reason being that clean ballast contains significant air voids and the EM waves travel through air at a significantly higher velocity.
Subsequent laboratory research sought to relate the GPR response of ballast to its relative electrical permittivity or "dielectric constant" (Clark, Gillespie, Kemp, McCann, & Forde, 2001 ) (Clark, Gordon, & Forde, Issues over high-speed non-invasive monitoring of railway trackbed, 2004).
LABORATORY GPR TESTING OF BALLAST
In order to be able to quantify ballast fouling from field data, a series of carefully controlled experiments were undertaken on railway ballast.
The objectives of the laboratory work were to determine if ballast condition, i.e., clean or spent, could be determined from the calculated relative electrical permittivity or "dielectric constant", ; and whether the 500MHz or 900MHz GPR antenna was more suitable at this task.
For the laboratory experiments, a large brick tank structure was constructed in which the ballast could be placed easily to a suitable depth ( Figure 5 ). The experiment was undertaken twice: once with unused clean ballast and once with spent ballast at the end of its life span recovered from a railway track bed. The placing and compaction of the ballast was intended to mimic real track conditions, as can be seen in Figure The ballast was assumed to be a low loss material, and, therefore, the simplified velocity equation of electromagnetic waves in a dielectric medium for low-loss materials (materials having a small dissipation of electric or electromagnetic power) (Daniels, Gunton, & Scott, 1988 ) was suitable to be used to determine the dielectric constant and velocity of wave propagation for the different types of ballast tested: -
= √
Where, = velocity of propagation;
= speed of light (3 × 10 8 m/s); and, = dielectric constant of the medium.
Therefore, the depth of the reflecting interface is calculated from the measured two way travel time, i.e., the time there and back, and the speed of the electromagnetic wave: -= 2 = 2 √ Where, = two way travel time; and, = depth to interface.
It was found that the dielectric constant for the spent ballast under dry or wet conditions was greater than that for the clean ballast. These results for the dielectric constant were also comparable with other results for ballast (Sussmann, 1999) , as can be seen in Table 1 : -
Material (* by volume)

Source velocity (m/s) Density (Mg/m 3 )
Air (Clark M. , 2001) 1 3.00x10 8 Dry Clean Ballast (Clark M. , 2001) 3.0 1.73 x10 8 1.6 Wet Clean Ballast (5% water*) (Clark M. , 2001) 3.5 1.60 x10 8 Dry Clean (Sussmann, 1999) 3.6 1.58 x10 8 Dry Spent (Sussmann, 1999) These variations in dielectric constant values were attributed to: - Clean ballast having a greater volume of air voids, which lowers the average dielectric constant of the medium (and therefore increases the transmission velocity);  Water increasing the average dielectric constant of the medium; (and therefore reducing the transmission velocity); and,  Spent ballast with its greater fines content can hold more water than clean ballast, thus "wet spent" ballast has a higher dielectric constant than "wet clean" ballast (and therefore an even lower transmission velocity).
The radar plots of the ballast using the 900MHz and 500MHz antennas can be seen in Figure 5 and i.
ii.
iii.
Ballast
Pre-trigger The 500MHz antenna had a greater depth penetration and showed the ground reflection from the laboratory concrete floor more clearly than the 900MHz antenna. The 500MHz antenna also had a lesser resolution than the 900MHz antenna resulting in less reflection, and less clutter, from the individual ballast particles, which also resulted in more pronounced swipe signatures.
FULL SCALE RAILWAY TRACKBED
A 10m long track was built to British Rail Standard BR1203 (July 1985, amended May 1988) at the University of Edinburgh, King's Buildings campus, Edinburgh, UK. It is of uniform construction and materials, except that there was the deliberate addition of fines in some parts to induce its "spent" nature ( Figure 7 ).
Figure 7 Full-scale track bed facility (modified Clark, 2001)
GPR WAVEFORM ANALYSIS
Previous GPR research on the full-scale track bed (Gallagher G. , Leiper, Williamson, Clark, & Forde, 1999) found that on studying the time-amplitude plot of a single radar pulse reflection, it could be seen that where the ballast was "spent" the signal plot featured "scattering" between the surface reflection response and the ballast-formation layer interface reflection; where the ballast was not spent, there was no "scattering" (Figure 8 ).
[The two end sleepers (hatched) either side are made from wood -otherwise reinforced concrete sleepers.]
Figure 8 Example of 500MHz signal plot through clean (top) and spent ballast (bottom) (Gallagher G. P., Investigation of Railway Trackbed Deterioration using Ground Penetrating Radar, 1999)
Two antennas were used: 900MHz and 500MHz. The 500MHz antenna demonstrated increased power and the lower centre frequency resulted in a greater depth penetration over the 900MHz. The resolution was significantly lower (approximately halved, consequent with the reduction in frequency). However, the reflection times through the same media were similar. None of the antennas managed to produce reflections through the sleepers.
The 500MHz and 900MHz signals through the clean ballast gave no EM scattering, and gave a clear formation reflection. Through the mixed ballast, there was increased EM scattering, a less clear formation reflection, and a reduced propagation velocity consequent with a greater dielectric constant. Through the spent ballast there was extreme EM scattering making the formation reflection indistinguishable, and a further reduced propagation velocity. The 900MHz signals demonstrated greater scattering than the 500MHz signals through the same material.
The differences in results were attributed to the spent ballast having a greater fines content with consequently fewer air voids, poorer drainage efficiency, and, thus, greater moisture content due to moisture retention from soil suction. Loss of voids (with a very low dielectric value) and replacement with moist fines (with a significantly higher dielectric value) resulted in the increased scattering and attenuation.
The experiments were repeated several times over one year in different weather conditions. It was found that the clean ballast results varied by 5% to 7%; the spent ballast results varied up to 25%. Ballast-saturation tests carried out in the laboratory (Clark, Gillespie, Kemp, McCann, & Forde, 2001) determined that the greater variability of the spent ballast was due to its ability to hold water due to soil suction, or capillarity, and become saturated due to rain; the clean ballast is more free-draining and less affected by rain.
This research demonstrated that railway ballast could be fingerprinted using GPR.
Scattering Analysis and Fouling Detection
With the laboratory experiments, there was no attempt to analyse the waveform of the reflected signals, only its velocity. The presence of the edge effects would make waveform analysis unreliable, although such edge effects are unavoidable in a contained laboratory calibration experiment. Thus, large scale field experiments were required for the analysis of waveforms (avoiding edge effects).
The concept of analysing the GPR waveform to determine the quality of ballast has been undertaken before. At the Transportation Technology Center, Inc. (TTCI) in Pueblo, Colorado, analysis of the waveform taken from horn antennas (Roberts, Al-Qadi, Tutumluer, Boyle, & Sussmann, 2006) were used to detect ballast fouling.
At TTCI, they found that with the use of 2GHz horn antennas -that clean ballast gave a more scattered response than fouled ballast (Al-Qadi, Xie, & Roberts, Scattering analysis of groundpenetrating radar data to quantify railroad, 2008).
In contrast to traditional GPR data analysis, in which individual reflections are charted, the 2GHz horn antenna data from the ballast was processed to generate a representative scattering amplitude envelope, i.e., a running average between peak signal responses that showed the average scattering amplitude versus depth.
A change in the size of the envelope was determined to indicate a change in ballast condition. A "gain restoration curve", which was empirically derived from the amplitude correction required to achieve constant amplitude versus arrival time from data obtained over a section of thick, clean ballast, was, presumably, applied to discount the effects of attenuation.
Radar signals through the clean ballast scattered due to the void spaces present in clean ballastbut not in spent ballast where they had been in-filled with fouling material. The fouled ballast was more homogenous in its structure -hence the signal scattered less.
This rationale was presented in subsequent research (Roberts, Al-Qadi, Tutumluer, Boyle, & Rudy, 2006) , which stated that because spent ballast has a "finer, well-graded particle size with fewer air voids" that "the clean ballast near the surface generates a significant scattering pattern, while the scattering pattern generated by the fouled ballast at the bottom is insignificant because the air voids in fouled ballast are much smaller than the signal wavelength". The above research at TTCI was conducted on ballast composed of a clean layer of ballast, over a mixed layer of ballast, over a spent layer of ballast, all of varying thicknesses using horn antennas. This is in contrast to the work reported herein, where GPR research used bowtie antennas on one homogeneous layer of ballast.
Given that the metric used in the TTCI research is the "scattering amplitude envelope" and that this would be expected to diminish with depth due to attenuation, the "scattering amplitude envelope" method, relies on discerning changes in the amplitude and relating that to changes in the ballast condition through empirically derived calibrations. It is not a true numerical analysis of the GPR waveform. Therefore, an alternative measurement of "scattering" that is not attenuation related would be attractive to investigate.
Track Bed Analysis
Since construction, the test track has likely undergone physical changes that could be attributed to weather conditions and experimentation. A full investigation of the ballast condition by means of particle size distribution (PSD) analysis was undertaken to enable quantification of the relationship between GPR data and ballast condition.
The PSD results were analysed to determine the fouling index for each crib (the space between two sleepers). There are two methods for calculating ballast deterioration: Selig & Waters (1994) and Ionescu (2004) . Ionescu adheres to Australian standards that are similar to the material parameters used in British track bed construction; consequently, the Ionescu method was used: - The categories of fouling developed by Selig & Waters (1994) , as can be seen in Table 2 , were used in conjunction with the derived fouling index formula to determine the test track condition. However, the threshold for "clean" was slightly changed to 1.5% (from 1%) so that for the purposes of analysis, Cribs 1 to 6, including Crib 11, are "Clean"; Cribs 7 to 10 are "Moderately Fouled"; and, Cribs 12 to 16, are "Fouled".
Category
Fouling Index (FI) Clean <1.5 Moderately Clean 1.5 -10 Moderately Fouled 10 -20 Fouled 20 -40 Highly Fouled >40 These categories broadly coincide with the placement of the clean, mixed, and spent ballast, except for Crib 11, which is "clean" when it should at least be "Moderately Fouled". However, as per Figure  7 , Crib 11 features the addition of a submerged tank for a previous experiment and it is speculated that the act of digging out the ballast of this crib, placing the tank, and then refilling the crib had the effect of "cleaning" the ballast of it fines.
The categories were used in conjunction with the Ionescu fouling index formula to determine the condition of the test track ( Table 3 Ballast fouling index Figure 9 Ballast condition schematic A limitation of such a fouling index is that although the degree of fouling is related to the spentness of the ballast, it is only a function of spentness. This is because fouling index is solely a description of the fines content of a particular ballast sample but spentness is a description of a collection of various other variables such as fines content, drainage efficiency, and surface texture (Parker, 1997) .
Large Scale Track Bed Waveform Analyses
Objectives
The objectives of this experimental work were to develop a method of analysing the incidents of scatter, rather than amplitude of the scatter, using a range of different frequency antennas.
Experimental Procedure
Gallagher (1999), defined the increased scattering through a visual inspection of a signal plot, where the increased numbers of large peaks were a result of the EM wave being scattered by the smaller particles of the spent ballast. It has been stated that the signal from ballast can be assumed to be a random signal and that statistical analysis would be a more suitable method of analysis (Roberts, Al-Qadi, Tutumluer, Boyle, & Rudy, 2006) .
Data Collection
The track was scanned with a range of GSSI antennas of different frequencies: 500MHz, 900MHz, 1.0GHz, 1.6GHz, and 2.6GHz.
The higher frequency bowtie antennas may not be suitable for detecting faults or anomalies in ballast and may be more suited to tasks such as locating objects in concrete. Their inclusion was intended to reveal trends in the analysis across the range of frequencies.
All data was collected using either a trolley or with a survey wheel designed to locate the antennas and measure distances travelled. The data was recorded without any gain settings distorting the collected data.
The scanning procedure started with the antennas moving from Sleeper 1 to Sleeper 17. Given that bowtie antennas transmit from one side of their casing and receive at the other, this was undertaken twice with the antenna in perpendicular then parallel orientation ( Figure 10 ).
Figure 10 Data collection method
A scan rate of 200scans/m was used, resulting in over 2000 scans for each run of the test track; although, 100scans/m was used for the 500MHz and 900MHz. Each scan was composed of 512 samples, giving over one million data values per run.
Data Analysis
The raw numerical data for each run was imported into an individual spreadsheet and contour plots of the radar data were produced and these were used to visually isolate the "cribs" (Figure 11 ) -those areas between the sleepers where the ballast is on the surface creating Crib 1 to Crib 16.
Figure 11 Example of 3D contour plot used for crib isolation for 2.6GHz data
In order to calculate the incidents of scatter for each crib, three metrics were devised: -
Scan area
A numerical integration of a scan response to determine its "area" -the greater the magnitude of the responses, the greater the area.
Axis crossings
The number of times the scan response crosses the zero amplitude axis -the more interfaces encountered by the signal, the more axis crossings.
Inflection points
The number of times the gradient of the scan response changes through zerothe more interfaces, the more inflection points.
Scan Area Analysis
For each scan, the average signal value was calculated. This value was taken as the zero amplitude axis for that scan and a simple trapezoidal rule was utilised to integrate some or all of the 512 sample values of each scan (Figure 12 ) to determine the "area" of the scan as highlighted in yellow.
Figure 12 Scan area for typical clean response (left) and spent response (right)
Axis Crossings Analysis
For each scan, the average signal value was calculated. This was taken as the zero amplitude axis for that scan and the number of times that the signal crossed the average value was counted. Extrapolating from Gallagher's findings from signal responses through spent ballast (Gallagher G. P., Investigation of Railway Trackbed Deterioration using Ground Penetrating Radar, 1999) , it was anticipated that the more a signal is scattered, the more it should cross the axis.
A simple algorithm counted the number of crossing points. For any sample value that was between a sample value greater than the average scan value and a sample value lower than the average scan value, an axis-crossing was counted ( Figure 13 ).
Figure 13 Axis crossings for typical clean response (left) and spent response (right)
Inflection Points Analysis
For each scan, the number of inflection points was counted. Similar to crossing points, it was anticipated that the more scattered a response, the more inflection points it should have.
The number of inflection points was calculated by using a variation of the algorithm used to count the crossing points. For any sample value that was between two greater value samples or between two lower value samples, an inflection point was counted (Figure 14) . This method did not require the location of the zero amplitude axis.
Figure 14 Inflection points for typical clean response (left) and spent response (right)
Time Range
Given the different frequencies of each antenna, different depths of penetration were achieved and recorded. It was noted at which of the 512 samples that the ground surface occurred and where the response was visually considered to have become noise dominant. Therefore, for the analysis three different time ranges were used: -Full time range: All 512 samples collected were analysed.
Common time range:
Only 5ns of data below the initial ground reflection was analysed in order to limit analysis to ballast responses only.
Proportional time range: By evaluating the skin depth of each antenna and the original range it was set to detect, a ratio of the relative penetration of each antenna was calculated.
RESULTS & DISCUSSION
By using the Scan Area Analysis, the Axis Crossings Analysis, and the Inflection Points Analysis metrics, the amount of signal scattering was identified. The data was analysed using three different approaches to determining which sample time ranges to use: the full 512 samples, a reduced common range (5ns), and a time range proportional to penetration.
Full Time Range Results
The average results of the scattering analysis for each type of ballast using the full time range of the scan are listed in Table 4 . The highest values for each section of analysis (area, crossings, and inflections) are highlighted in red and the lowest in green. Table 4 Results of scattering analysis for full time range
Full Time Range Scan Area Analysis
It can be seen that the clean ballast has the smallest area in most cases with the spent or mixed ballast having the largest areas. This trend is very strong at the lower frequencies under 1GHz; this correlates with Gallagher et al. 1999 (Gallagher G. , Leiper, Williamson, Clark, & Forde, 1999 .
Full Time Range Axis Crossings Analysis
Similar to the area analysis, there is a difference in behaviour between high and low frequency antennas. With antennas of 900MHz or over, the clean ballast features more axis crossings than the spent ballast. Below 900MHz, the behaviour is the reverse with the spent ballast having more axis crossings than the clean.
Full Time Range Inflection Points Analysis
The results are very similar to the axis crossing points analysis with the same behaviour occurring. Again, the 900MHz antenna appears to be the point at which the behaviour changes, with almost 20% more inflection points.
Common Time Range Results
The average results of the scattering analysis for each type of ballast using the common time range of the scan are listed in Table 5 . The highest values for each section of analysis (area, crossings, and inflections) are highlighted in red and the lowest in green. Table 6 Results of scattering analysis for proportional range
Proportional Range Scan Area Analysis
Akin to all the previously analysed time ranges, the clean ballast has a smaller area for the lower frequency antennas, but, yet again, this trend is not as clear as with the full time range results.
Proportional Range Axis Crossings Analysis
Although it appears that for most antennas the fouled ballast has a greater number of axis crossings, the numerical difference is not significant enough to demonstrate a clear trend.
Proportional Inflection Points Analysis
The trend in the results appears to be of a more random nature; although, the change in behaviour at 900MHz does still seem to be present.
METRIC EVALUATION
To evaluate the effectiveness of this method of measuring the scattering, the correlation between the scattering analysis for each crib and the fouling index for each crib was investigated.
Each area scan value for each crib was plotted against the measured fouling index for that crib and the trend line correlation value calculated. The best correlation was achieved with the 500MHz antenna using the full time range giving a correlation coefficient of 0.8 in the perpendicular orientation and 0.9 in the parallel orientation ( Figure 15 ).
Figure 15 500MHz correlation analysis
The numerical correlation values for all experiments were also calculated ( Table 7) . Where the results correlated with a coefficient greater than 06, the text is light green; greater than 0.8, the cell is dark green; less than -0.6, yellow; less than -0.8, orange. Table 7 Fouling index correlation factors for full-time range scattering analysis
Scan Area Metric Evaluation
There was a strong correlation between the scan area metric and the fouling index for the full-time range. In order for the scan area metric to be true, the largest magnitudes of response should occur in the spent region of ballast.
For low frequency antennas scattering occurs more in spent ballast, correlating with Gallagher et al 1999 (Gallagher G. , Leiper, Williamson, Clark, & Forde, 1999) . With higher frequency antennas, it is almost impossible to distinguish between clean and spent ballast in terms of scattering. This contradicts Al-Qadi et al (2008) who stated that with high frequency antennas more scattering occurs in clean ballast -however they used horn antennas. The noticeably improved results in lower frequency antennas may be due to the increased power of the antenna itself -with the lower frequency antennas less likely to interpret minor changes in particle size and constituency as a change in material layer, which ultimately results in a better indication of ballast depth and layer interfaces.
Axis Crossings & Inflection Point Metric Evaluation
The axis crossings metric does not demonstrate any correlation in the data. The inflection point metric features a number of strong negative correlations, which mostly occur when the full-time range data is used. These results are less promising than data obtained from the scan area metric evaluation; however, the existence of some strong negative correlations suggests that there is a possible link between this scattering analysis and fouling index. In any case, both of these approaches are inappropriate for determining ballast fouling. It had been expected that when the range of data analysed was shortened to the depth of the ballast, i.e., 5ns, the correlation with the fouling index would improve. However, the opposite was true. It may be that the sub-ballast material gives a different response when under clean or spent ballast, and this may be due to drainage differences between clean and spent ballast.
CONCLUSIONS
An analysis of Fouling Indices (FI) concluded that the Ionescu FI was more appropriate for EU ballast, as the US Selig and Waters FI was based upon smaller size US ballast.
The full-time range results gave the most consistent results and strongest correlations. The results for this method are summarised below: -Scan area Clean ballast had the smallest area with most antennas; the spent or mixed ballast had the largest areas. The 500MHz antenna in the parallel orientation gave the best correlation (0.92) between fouling index and scan area.
Axis crossings
With antennas of 900MHz or over, clean ballast featured more axis crossings than the spent ballast. Below 900MHz, the behaviour reversed with the spent ballast having more axis crossings than the clean. There were no particularly strong correlations between fouling index and axis crossings.
Inflection points
With antennas of 900MHz or over, clean ballast featured more inflection points than the spent ballast. Below 900MHz, the behaviour reversed with the spent ballast having more inflection points than the clean. The 900MHz antenna in the parallel orientation gave the best correlation (-0.80) between fouling index and inflection points.
The overall conclusion is that GPR is a valuable investigative tool that can be used to determine the ballast fouling index (FI) using the Ionescu FI in conjunction with scan area metric evaluation procedure. A correlation coefficient greater than 0.9 was obtained by using a 500MHz bowtie antenna, in the parallel orientation, in conjunction with the scan area analysis.
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